A regulating DC-to-DC converter is described which utilizes a new circuit configuration to achieve several desirable features including higher effi ciency, a single circuit for regulation and conver sion, minimized output filter requirements, and simplified control system applications. The DC operating characteristics are derived and the effi ciency of the new converter is shown to compare favorably with the conventional boost regulator. An AC model is derived and a comparison is made be tween analytical and experimental results.
BACKGROUND
The development of the Venable Regulating High Voltage Converter [1] evolved from an IR&D activity authorized in September 1972 at the Hughes Electron Dynamics Division and described at that time as the "Ku-band Multimode TWTA" development program. A prime objective of that program was to achieve ef ficiency improvements over the conventional boost regulator and dc to dc converter approach for high voltage TWT power processing systems. A novel cir cuit evolved out of this development program which integrated the regulating and conversion circuits into a single functional block. This circuit en abled the designer to achieve significantly higher efficiencies for high voltage power processors [2] .
DESCRIPTION OF OPERATION
DC operation of the Venable Converter may be ex plained with reference to Figure 1 . The circuit consists of transformer Τ which couples a secondary load RQ to an input voltage source, V^, by means of four symmetrically placed switches, through Q^. Current is supplied to Τ through the switches, and the energy storage inductor, L. Capacitor C^ pro vides a local path for large transient currents, and V^ supplies dc power. Two switches conduct on alternate half cycles, first followed by and then on the next half cycle, followed by Q^. Not more than one switch conducts at any time. The switch conduction sequence is illustrated in Fig  ure 2 . Operation of the circuit can be readily understood by investigation of two special cases.
First assume that only the outer switches and conduct. In this case we have the typical conver- 
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ter operation with a steady dc current I~ and the voltage at the load, V_ is approximated D" V Q is approximated by (N Q /N^)
The other extreme case assumes that only the inner switches and conduct. In this event the out put voltage is given by (N Q /N^) n^V^.
It is thus seen that the load voltage can be varied a factor of η^.:1 depending upon whether the outer or inner switches provide the switching action. Allowing the inner switch to conduct for a part of the cycle, At, and then the outer switch to con duct for the remainder of the half cycle, it is realized that the load voltage must achieve a value N TT TT Ν ο V, < V < η ο -٠Γ 1 ° y -٧7 (1) current in the outer switches I3 is equal to zero whenever an inner switch is turned on by looking at the voltage across the diode CR.
For the original Venable Converter in which n x -ny=n; the voltage across the diode while both inner and outer switches are turned on is
Hence, for all values of n>l, which defines the Ven able Converter, the diode is back biased as long as the inner switch is conducting. For this period of time lasting DT during each half cycle the inductor current Il Δ l2« When Qi turns off the energy stored in the inductor forces the voltage V4 to rise until the diode CR conducts, clamping the inductor to V3. For the remainder of the half cycle lasting (1-D)Τ the inductor current 11=13. Simplified models for both of these states are shown in Figure 3 .
The output voltage, V 0 , can indeed be made to vary between these limits by varying the conduction duty ratio D. The circuit may be thought of as an in verter with a continuously variable primary to sec ondary turns ratio.
At the instant of switching, e.g., Qi conducting to Q2 conducting, ampere-turns of L are conserved. That is, NI3 = Ν/η χ 12·
The special case where η χ -ny is of particular interest for a practical circuit and exhibits many desirable features.
Desirable Features of the Venable Converter
For the case where η χ ~ η :
a. The pulsewidth modulated converter produces a square wave output with continuous load current thus minimizing load filtering problems. b. The duty ratio transmission function V Q /d is linear and has both a corner frequency, f , and peaking, Q, independent of the dc duty ratio D. c. The duty ratio transmission function has no left or right half-plane zero.
In the general case: a. High efficiency is achieved by transferring the bulk of the power through the diode-free path of switches and Q^. b. A single circuit may be used for both load voltage regulation and dc-to-dc conversion. c. Switches are current-fed thus minimizing switching current transients and reducing power switch stress.
Derivations of Operating Equations
The switch conduction sequence of Figure 2 is not achieved by applying base drive to the transistors in the sequence shown. Due to the switching action of diode CR, base drive can be supplied to an outer switch before basedrive is removed from the corres ponding inner switch. It can be shown that the If the forward voltage of the diode and the satura tion voltage of the switches is ignored, for state 1, 0 < t < DT, the following differential equation may be written:
and r' is the lumped resistive losses for the inner switch current loop. Equation (3) has a solution of: _L and t
f -t -DT r
The initial condition i 3 (0 ) is related to i^CDT) by the conservation of energy requirement for induc tor L. 
Thus there is a step in the load current which is proportional to the ratio of n x to n v . Figure 5b and 5 c show the output current for η χ > iiy and η χ < n y with all other parameters including n y constant.
Continuous output current was one of the principal motivations for the development of the Venable Con verter. The primary application of this converter was to generate the high voltage necessary to power a traveling wave tube. These tubes require very small ripple, typically less than 0.01 percent, and it is desirable to accomplish this with a minimum of high voltage energy storage. The Venable Con verter implemented with equal turns ratio (n x = ny) has a continuous output current that can be filtered without inductors and with a minimum of capacitance. 
Since on the average the voltage time product (Flux Change) seen by L must be zero, we may write:
Solving for V 3 /V 1 we find:
Equation (20) is the dc control function for the generalized Venable Converter and is shown in Fig  ure 6 for different ratios of n x /n y . It can be seen that for the original Venable Converter where η =n =n equation (20) reduces to:
which is a straight line equation with a slope of (η χ -1) and a zero intercept of 1. for comparing one converter type to another while giving some insight into their inherent efficiencies.
96-PESC 76 RECORD
The Venable Converter has primarily been used for high voltage applications where efficiency, reg ulation and ripple are of prime concern. An alter native to the Venable Converter for this application is a boost regulator followed by a simple DC to DC converter. This configuration can achieve low ripple without the necessity of an energy storage inductor on the high voltage output. It can also be implemented for closed loop regulation rather simply with relatively high efficiency. Figure 13 depicts this converter. To compare the fixed losses of the Venable Converter to the boost regulator/converter the energy storage inductor current for both converters is simplified to that shown in Figure 14a and 14b. Assume that both the boost and Venable Converters are designed to operate at the same voltage, frequency and power levels using identical components. To set bound aries on the comparison assume: 1>(V 3 /V^)>2 so that η =n =2. x y 
If we assume that the transistors are driven in proportion to their collector current at a fixed forced beta, the base drive loss is given by: 
in ? f V 3
The loss in the power diode is related to the diode forward drop V^,: 
BE .2V IV IV 40V
and the DC gain function, neglecting the diode drop, is:
where :
Applying equation 28 and 29 to the V sat and Vp losses in a boost regulator, the following fixed losses can be calculated.
Boost transistor PQ 1
Static Inverter Transistor
These fixed loss equations can be compared for the two converter types by knowing the relationship be tween D and D D . The Venable Converter shows an obvious advantage over the regulating boost converter. This is primar ily because the boost regulator processes all of its power via the power diode whereas the Venable Con verter has direct conversion via the PWM switches. In terms of efficiency for high power converters, only the direct conversion PWM inverter is superior. However, this type of converter is not suitable for high voltage power processing because the energy storage inductor which is required at each output must operate at a very high voltage. In addition, the current from this type of converter has a larger ac component so more extensive filtering is required for the same input current ripple as an equivalent Venable Converter.
The Venable Converter demonstrates bulk efficiencies from DC input power to high voltage output power of greater than 91 percent. This has been achieved under varying conditions of line, load and temper ature. 
APPENDIX AVERAGED MODEL OF THE VENABLE CONVERTER
Although the Venable Converter is invariably used in its "original" form in which the inductor and transformer tap ratios n x and n v are equal, the model has been obtained for the "generalized" form in which and ny may be different. This permits results to be obtained for various special cases, and in particular illuminates the advantages of the original Venable Converter with η = η .
x y The derivation of the model of the generalized Venable Converter is too long to be given here, so instead the results will be presented and atten tion given to their interpretation and signifi cance. The model is shown in Figure A .l, and includes not only the Venable Converter of Figure  1 itself, but also the modulator whose function is to convert the (analog) control voltage V c + v c from some error amplifier into a corresponding duty ratio D + d. The notation is that lower case letters represent small-signal ac variations superimposed upon the large-signal dc value re presented by upper-case letters. The essential function of the modulator can be represented simply by in which f (0) -1. Thus, the control-voltage-toduty-ratio transfer characteristic of the modulatoriican be represented in general by the two para meters V and f (s)
.
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Figure Al Low-frequency, small-signal model of a pulse-width-modulated switching conver ter in the continuous conduction mode.
The model of Figure A .l represents not only the generalized Venable Converter, but also, with appropriate expressions for the parameters, any dc-to-dc converter including the conventional buck, boost, and buck-boost types and their numerous extensions [6] ; it is subject only to the con straint that the converter operates in the contin uous conduction mode.
The transformer is to be taken to be "ideal" and has a ratio y:l for all frequencies down to dc; it represents the basic dc-to-dc voltage and cur rent conversion factor. The two generators express the influence of the ac control voltage ν as an input signal to the modulator/converter. The capacitance C and load resistance R are the equiv alent values of the actual C and R of Figure 1 reflected to the transformer primary, and the voltage V is the similarly reflected value of the actual output voltage V^.
The inductance L is an "effective" inductance re lated to the actual inductance L of Figure 1 , but a function also of the dc duty ratio D. The ele ments L and C together constitute an effective "averaging" filter that represents the properties of the actual L and C in recovering the average, or dc, value of the switched waveform and filtering the switching frequency and its harmonics. The resistance R is and "effective" resistance that accounts for various series ohmic resistances in the actual circuit (including components due to the esr of both the capacitance C and any inputfilter capacitance), and also a "modulation" re sistance R^ that arises from a modulation of the switching transistor storage time [5] ; Re is a complicated function of these component resistances and also of the duty ratio, but since it is merely a parasitic resistance whose principal observed effect is upon the Q-factor of the L C filter, de tailed expressions for R will not be given. The modulation resistance R^ is often the dominant component of R , and is enclosed in an oval in Figure A. l to Indicate that it is an element in the small-signal model only, and not in the largesignal dc model; it does not contribute to power loss and is in that sense "nonohmic," but explains the commonly observed higher degree of filter damping than would otherwise be expected. The control describing function therefore contains not only the operating-point-dependent two-pole transfer function of the averaging filter, but also the frequency dependent f(s). By (A.6), this frequency dependence is expressed by the presence of a real zero in the complex plane. Although (A.6) is not exact (effects due to the parasitic resistance R are neglected) it shows not only that the value of the zero changes with operating point, but also the salient feature that the zero is in the left half-plane if n x > n y and in the right half-plane if n x < n y . The presence of a right half-plane zero in the control describing function of course exacerbates the problem of stability in a closed-loop regulator system.
Experimental results for the control describing function v/v were obtained for a generalized Venable Converter circuit operated at a switching frequency of 27 kHz, and having the values L -3.5 mH, C -ΙΟμΡ, and R -300Ω. A half-cycle response type of magamp modulator was used for which f (s) = 1 throughout the frequency range of interest. Magnitude and phase measurements were obtained by techniques described in [7] and [8],
First, tap ratios n x = 2 and n y = 4 were selected, and a duty ratio D Although the zero f a at 50 kHz is above the switch ing frequency of 27 kHz, and hence cannot be veri fied experimentally, it is seen that the experi mental data points show no trace of a zero within the range of measurement, and also that the filter corner frequency at 1.15 kHz is well substantiated. It is seen that L is now constant, independent of D, and so the averaging filter corner frequency and Q-factor are constant and do not depend upon opera ting point. Further, and even more important, the zero in f(s) vanishes (to infinity) so that f(s) = 1 at all frequencies. Consequently, the frequency responses of both the line and the control describing functions do not change with operating point, which is a considerable advantage in the design of the loop gain of a regulator containing such a converter (although the scale factor of both describing func tions still changes with operating point, since both μ and λ remain functions of D). These advan tages are in addition to, and in fact are related to, the advantage that when = ny the current delivered to the capacitance C is continuous from one switch interval to the next, which gives sub stantially lower output ripple. All these advan tages combine to make the original Venable Conver ter with η = η the invariable choice for practical applications. ^
In the absence of a line source impedance, the cur rent generator in the model of Figure A .l is imma terial, but its presence is clearly necessary pro perly to predict the negative input impedance pre sented to the line by a closed-loop regulator em ploying such a switching converter, as can be seen by the following argument. When the regulator is driven by an ac component of line voltage v s , the high loop gain at low frequencies will force the ac voltage ν at the output to be vanishingly small by appropriate modulation of the duty ratio; since ν is the output of the L C filter, the voltage at the filter input, namely, the voltage across the current generator, is therefore also vanishingly small; hence the impedance seen by the driving source ν is simply the ratio of the voltage and current fenerators reflected through the trans former, or The result of (A.14) is valid only for frequencies at which the regulator loop gain is high; ulti mately, beyond loop-gain crossover, the input im pedance must revert to having a positive real part. In the presence of a line input filter, as is usual in practical systems, the complex input im pedance can result in severe disturbance of the regulator properties and, in extreme cases, insta bility. This subject is treated in detail else where [9] .
